The mode-locked laser diode has emerged as a promising candidate as a signal source for photonic radar systems, wireless data transmission, and frequency comb spectroscopy. They have the advantages of small size, low cost, high reliability, and low power consumption, thanks to semiconductor technology. Mode-locked lasers based on silicon photonics advance these qualities by the use of highly advanced silicon manufacturing technology. This paper will begin by giving an overview of mode-locked laser diode literature, and then focus on mode-locked lasers on silicon. The dependence of mode-locked laser performance on design details is presented.
INTRODUCTION
The mode-locked laser is a special class of laser that produces a time-domain series of short optical pulses at radio frequencies. Emission of a short pulse in the time domain will also generate a wide bandwidth in the optical frequency domain. They have a broad range of applications: the pulses have very high peak power due to their short time duration, allowing them to be used for precision medical cutting applications [1] ; the resulting comb of optical frequency tones may have octave-spanning bandwidth, allowing generation of ultra-stable microwave signals for use in optical clocks, frequency measurement [2] , and broadband spectroscopy [3] ; the high timing stability, in combination with very short pulse duration, can be used for all-optical analog-to-digital conversion [4] ; and the harmonic series of tones in the microwave frequency domain may be used for signal generation in photonic radar [5] .
The mode-locked laser diode is a subset of mode-locked lasers that is based on semiconductor gain media as opposed to bulk crystals, such as Ti:sapphire and Nd:YAG, or doped glass fibers, such as the erbium-doped fiber amplifier (EDFA). The principal advantages of mode-locked laser diodes are their small size and capability for electrical pumping; in contrast, bulk crystal lasers and fiber lasers must be optically pumped, often with laser diodes, which increases the cost and complexity of the system. Optically pumped semiconductor mode-locked lasers also exist, for example, the vertical-external-cavity surfaceemitting laser [6] , and have demonstrated high peak power and ultra-fast pulses. Electrical pumping of vertical external cavity lasers is also possible [7] .
While mode-locked laser diodes do not have high enough peak power or frequency comb bandwidth to be outright competitive with their bulk and fiber laser counterparts, they enjoy the advantages of semiconductor manufacturing technology. This allows for manufacturing large numbers of devices at wafer-scale, and the production of either low-cost discrete devices or the combination of many device functions into larger integrated circuits. This represents the greatest promise of the integrated mode-locked laser diode, as the laser can be combined with passive waveguide filters, multiplexers, demultiplexers, and polarization controllers; intensity and phase modulators; photodetectors; and other lasers, mode-locked, tunable, or otherwise [8] .
This advantage has been largely unrealized. Most examples of mode-locked laser diodes in the literature have cleaved facet mirrors and all-active waveguides. An integrated circuit with a mode-locked laser will require a laser with an on-chip mirror, and integration with passive components and modulators requires a transition from the gain section waveguide to a passive waveguide. Therefore, for a mode-locked laser diode to be considered "fully integrated," it requires on-chip mirrors to form the cavity, an active amplifier waveguide, the saturable absorber, a passive waveguide, and a transition from the active waveguide to the passive waveguide. The goal of this work was to integrate all of these components in a single mode-locked laser and then demonstrate state-of-the-art performance compared to nonintegrated mode-locked laser diodes.
Toward this goal, there are two widely used material platforms for producing integrated mode-locked lasers. The first, and most mature, is the monolithic indium phosphide (InP) platform, which typically uses regrowth techniques for integrating devices with different bandgap wavelengths. The second, and more recently emerged, is the heterogeneous silicon/ III-V platform, which uses silicon-on-insulator (SOI) to provide passive devices and bonded III-V materials (typically grown on InP substrates) to provide the laser amplifier [9] . We review results from both platforms and then focus on the heterogeneous silicon/III-V platform, which is particularly interesting, because the silicon passive waveguide has lower propagation loss than InP, about 1 order of magnitude in the best case [10, 11] . In addition, silicon components are normally more compact, and can leverage the scale and precision of CMOS manufacturing technology for lower cost and higher volume applications.
The quantum well used in the laser amplifier is commonly grown using a quaternary alloy, which allows independent control of the bandgap and lattice constant to attain a specific emission wavelength and compressive strain. The two most common (and currently commercially available) quantum well materials are InGaAsP and AlGaInAs. AlGaInAs was used for the quantum well in this work, because it has been demonstrated to have shorter absorber recovery time than InGaAsP [12] and theorized to have lower linewidth enhancement factor [13] . This paper will be organized as follows. First, a review of existing work in fully integrated mode-locked lasers will be presented to establish the state of the art. Then, we focus on integrated silicon technologies and present the experimental results for the optimization of the various components used in the laser: the active-to-passive transition, the saturable absorber, the amplifier waveguide, the quantum well strain, and the laser cavity mirror. The paper will conclude with a brief discussion of possible avenues for further improved performance.
MODE-LOCKED LASER REVIEW
This section will present an overview of mode-locked laser diode technologies with regards to the three important figures of merit: the pulse width, the peak power, and the 3-dB-down linewidth of the passively mode-locked radio-frequency (RF) tone. Pulse width was chosen because it is the most widely reported performance aspect of these devices in literature and because it represents the quality of the mode locking, since the minimum optical bandwidth of phase-locked mode comb lines can be inferred from the pulse width through the timebandwidth limit. The spectral bandwidth itself is a less reliable metric, since the existence of a broad mode comb does not necessarily mean that all of the modes are locked if it is not generating a short pulse. The peak power is used to examine the laser power, and is of particular interest with fully integrated lasers; they often have poor optical efficiency due to excess loss introduced by the integrated components. Note that the continuous wave (CW) power is not particularly useful when comparing mode-locked lasers, since they often produce their shortest pulse only at a particular bias current. The radiofrequency linewidth represents the passive stability of the laser. It is particularly important in applications where an electronic synthesizer for active mode locking is undesirable or unavailable, as in the case of a signal generator for a terahertz transmission system. Residual timing jitter for actively mode-locked lasers is also a useful metric, but it is reported very rarely in literature due to the challenging nature of the measurement, so it will not be covered here.
The majority of the work in literature on mode-locked laser diodes thus far has been at 1.55 μm wavelength, due to the importance of telecommunication applications of mode-locked lasers, also because the manufacturing and design of telecommunications band lasers are well developed. There are some examples of 1.31-μm mode-locked lasers [14] , but few fully integrated examples [15] . To avoid complicating the comparisons, this paper will focus on 1.55 μm wavelength lasers.
For the purpose of these comparisons, a "Fabry-Perot mirror" laser is one with cleaved or polished flat facets and a single active amplifier waveguide (which is also used for the saturable absorber). It represents the lowest level of integration. An "integrated mirror" laser has only an active waveguide but has one or both mirrors on the chip. An "integrated waveguide" laser has a second waveguide integrated on the chip, but flat facet mirrors. The second waveguide is often a passive section, but in one case is a butt-joint regrown saturable absorber. "Fully integrated" means that the laser has both an on-chip mirror and an integrated passive waveguide. These cavity designs are shown schematically in Fig. 1 .
The list of references for the following literature comparisons is Refs. . Figure 2 shows the autocorrelation-extracted pulse width of the selected lasers, plotted versus the repetition rate. With only one exception [52] , all sub-1-ps pulses come from lasers with flat facet mirrors. The lowest pulse width shown is a quantum dot laser [17] at 312 fs, and after that is an AlGaInAs quantum well laser with pulse 490 fs and an integrated passive waveguide [19] . Evidently, an integrated passive waveguide may be helpful with the pulse width, but lasers with only integrated mirrors have generally poor performance. Many of them have active distributed Bragg reflector (DBR) mirrors that have limited bandwidth. Figure 3 shows the peak power of lasers from the literature survey. There is a generally decreasing trend of peak power versus repetition frequency, because the laser CW power is divided up between more pulses at higher frequency. Integrated lasers typically have 6-10 times lower peak power because of the excess loss introduced by the integrated components. The 98 mW peak power of the laser presented in this work, shown as a black "X", is the highest of any fully integrated laser at 20 GHz. One integrated mirror laser, at 40 GHz, beats the trend by integrating a high-power flared amplifier on-chip with the laser [23] . Approximate trend lines are shown, representing the decrease in peak power due to increasing repetition rate. Fully integrated lasers are typically 1 order of magnitude lower in peak power due to excess loss in the integrated components. Figure 4 shows the 3 dB passively mode-locked RF linewidth of lasers from literature. There are comparatively fewer data points on this chart, since this measurement is less commonly performed than autocorrelation. Like peak power, the linewidth generally improves-trending downward-with decreasing frequency. A few notable exceptions to the trend are indicated with superscripts. "a" and "b", like the laser presented in this work, are heterogeneous silicon/InP lasers, specifically with very long cavities formed from low-loss silicon waveguides, which reduces the Schawlow-Townes linewidth, a contributor to the RF linewidth in mode-locked lasers [54] . The laser at "a" reported only its 10 dB linewidth, which is shown in the figure regardless; assuming a Lorentzian line shape, this would correspond to 450 Hz 3 dB linewidth. The laser at "c" uses the AlGaInAs quaternary for its waveguide and quantum well, instead of the much more common InGaAsP. AlGaInAs is reported to have lower linewidth enhancement factor than InGaAsP [13, 55] , which should reduce the SchawlowTownes linewidth. The laser at "d" does not have a passive waveguide; instead, it has a butt-joint-regrown uni-travelingcarrier absorber design [30] and displays an impressive 900 fs pulse width as well as the 3 kHz linewidth. Approximate trend lines are shown, with blue representing Fabry-Perot lasers and purple representing fully integrated lasers. The outliers at a, b, c, and d were not considered part of the trend. It is notable that linewidths of the three fully integrated heterogeneous Si lasers are significantly lower than those of the majority of fully integrated devices.
EXPERIMENT
The laser performance was optimized by producing a standardized test laser in a high-yield fabrication process and then varying individual elements of the design. Thanks to wafer-scale fabrication, many different device designs can be fabricated simultaneously on a single die, which helps to increase experimental control. The lasers in Section 3.D, Quantum Well Design, have different quantum well compressive strain, which is accomplished by bonding InP dies with different epitaxial layers to different dies on the SOI substrate and then co-fabricating them. In this way, process variation can be minimized since all devices were fabricated together.
The design of the heterogeneous amplifier section, which is vital to the performance of any laser device, is covered in detail in Ref. [56] . The fabrication process and amplifier cross-section design in this work are identical to in Ref. [56] , with the addition of an electrical isolation section between the gain section p-contact and the saturable absorber p-contact. This isolation section is a 1-μm-wide slot wet etched between the two contact pads and then hydrogen implanted, and has a resistance of about 1 kΩ.
An overview schematic of the mode-locked laser is shown in Fig. 5 . It consists of a 2-mm-long amplifier waveguide section with two passive waveguides on either side. The amplifier and passive waveguides are connected by an active-passive transition between the heterogeneous amplifier waveguide and the passive waveguide. The passive waveguides are approximately 1 mm in length each, to bring the fundamental cavity free spectral range to 10 GHz, including the amplifier and the loop mirrors. In the center of the amplifier is the saturable absorber, which is typically 60 μm long except when specified otherwise. Placement of the absorber here results in colliding pulse mode locking, so the frequency will be double of the fundamental, or 20 GHz. The laser mirrors are formed by Sagnac loop mirrors [57] , which have selectable power reflection from R 0 up to about R 0.9 (limited by propagation loss in the loop) by changing the coupling coefficient of the directional coupler. The cross section of the amplifier waveguide is shown in Fig. 6 .
Measurement of the pulse width is performed for each laser across a full range of gain section current and saturable absorber reverse bias. While the lasers make pulses at many bias conditions, the data presented here for each laser will be at the bias condition where the pulse is the shortest. This is typically between 85 and 95 mA gain section current and −4.25 to −4.75 V of saturable absorber bias. Light is collected from the edge of the chip (through a low-reflection angled facet) with a 2-μm-spot-size tapered fiber. The lasers typically lase around 1565 nm wavelength, and so an L-band EDFA is used to amplify the pulse before measurement with an autocorrelator. The pulse width is then determined from fitting a hyperbolic secant squared shape to the autocorrelation function. For the peak power, the lensed fiber is removed and an integrating sphere is used to measure the CW output power to eliminate uncertainty from fiber-to-chip coupling loss. The output power measurement must be taken with the absorber biased under the exact condition that the shortest pulse was produced, as this will affect the laser slope efficiency.
A. Heterogeneous Transition
Accomplishing a low parasitic reflection and low insertion loss transition between the active and passive waveguides is critical for producing any high-performance broadband laser. Insertion loss will deteriorate the laser output power, while parasitic reflection creates coupled cavities that limit the laser operating bandwidth. The general concept used for the transition is to use a system of lateral tapers to form essentially a vertical adiabatic coupler. Reduction in loss and reflection of this structure is discussed in Ref. [56] . A large 2-μm-wide and 0.5-μm-thick silicon waveguide is used underneath the tapered III-V mesa to reduce the overlap of the optical mode with the III-V taper, which is lossy. The overall length of the III-V taper is minimized.
For mode-locked lasers, the design in Ref. [56] impaired the performance, because the short III-V taper was not adiabatic. The reflection from the heterogeneous transition measured in Ref. [56] was fairly minimal: −46 dB. Finite-difference time-domain (FDTD) simulation suggests that this was dominated by the thin n-type InP layer termination (−43 dB in FDTD simulation), which was a simple linear taper with a [56] was not fully adiabatic partially because of the short length and partially because of misalignment between the n-type taper and the silicon waveguide. The resulting higher order mode emission into the multimode silicon waveguide created mode interference and reduced the emission bandwidth. To combat this, a three-section taper design was adopted for the p-mesa taper, where the III-V p-mesa taper remains linear and a single section (for manufacturing simplicity), but the underlying silicon waveguide is tapered in three sections to maintain constant waveguide effective index throughout the transition. The dimensions of the three-section taper are shown in Fig. 7 . Note that for all amplifier waveguide widths, the Si waveguide is flared over 80 μm in length from the designed value to W 1;si 1.35 μm (see Fig. 7 ) so that the heterogeneous transition is identical for all devices in that experiment.
Research Article
Three device comparisons were prepared, using modelocked lasers with 850-nm-wide Si waveguides in the amplifier section, 0.85% compressive strain quantum wells, 60-μm-long saturable absorbers, and loop mirrors with the 5-μm-radius spline curve bend (see Section 3.E, Loop Mirrors).
The first experiment was to compare a short 15-μm-long taper with a simple straight 2-μm-wide Si waveguide (p, 15 μm basic; n, angle), as in Ref. [56] , to the three-section design shown in Fig. 7 (p, 15 μm three-section; n, angle) of the same length. The results are shown in Table 1 . The three-section taper reduces the pulse width from 3.5 to 2.7 ps, thanks to reduced higher order mode emission into the wide silicon waveguide from the more gradual mode transformation.
The second comparison is between a short 15-μm-long three-section taper and a longer 30-μm-long three-section taper. This showed a more modest improvement in pulse width, from 2.7 to 2.6 ps. The two devices had almost identical output power, as the reduction in loss from a more adiabatic transition was offset by the increased absorption from the narrow taper structure.
The third comparison is between the design of the thin n-contact termination. One design uses a taper (p, 30 μm three-section; n, taper), and the other uses an angled transition (p, 30 μm three-section; n, angle). These are shown schematically in Fig. 8 . The taper, while superior in simulation, is more difficult to fabricate because of the large topography on the wafer after the p-mesa etch, while the angle has higher reflection in theory but is less sensitive to misalignment and resolution errors. The angled n-layer and three-section 30-μm-long p-mesa taper has the best performance overall, at 2.3 ps, an improvement over the 2.6 ps for the n-layer taper. Optimization of the heterogeneous transition design reduced the pulse width from 3.5 to 2.3 ps.
B. Saturable Absorber
The length of the absorber is a crucial parameter and can be varied with a lithographic mask dimension in most modelocked laser designs. Figure 9 shows the impact of the absorber length design in four lasers. The absorber lengths varied from 50 μm (2.5%) to 200 μm (10%). The devices all have 5 μm minimum bend radius spline-curve mirrors, 850 nm waveguides in the amplifier section, 1% compressive strain quantum wells, and 30-μm-long three-section heterogeneous transitions with the angled n-layer. The pulse width decreases with decreasing absorber length, and the data suggests that a 30-or 40-μm-long absorber may have produced an even shorter pulse.
The reason for this behavior is that the longer absorbers have higher loss when compared to shorter absorbers at the same reverse voltage. The long absorbers can prevent multi-mode laser action when biased at lower voltages, whereas the shorter Fig. 7 . Dimensions of the heterogeneous transition. absorbers can be biased at lower voltage with the same overall loss (due to less length). At lower voltage, the recovery time is reduced, leading to formation of shorter pulses.
C. Confinement Factor
The optical confinement factor in the active region, both the transverse confinement factor Γ xy and the longitudinal confinement factor Γ z , can have a strong impact on the pulse width. The shortest on-chip mode-locked laser pulse from a quantum well laser, 490 fs, was produced by exploiting an offsetwaveguide three-quantum-well laser with a quantum well intermixed passive waveguide to reduce Γ z [19] . This reduces the impact of self-phase modulation on the pulse broadening. The heterogeneous silicon waveguides described in this chapter have the capacity to control confinement factor by varying the waveguide width, making straightforward comparisons possible since devices with different confinement factors can be fabricated on the same wafer. Four lasers with 5 μm minimum bend radius spline-curve mirrors with R 0.15 front mirror and R 0.5 rear mirror power reflectivities, 100-μm-long saturable absorbers, 1% compressive quantum wells, and 30-μm-long three-section heterogeneous transitions with the angled n-layer were characterized. For all waveguide designs, there is an 80-μm-long flare from the designed waveguide width to the same waveguide width at the beginning of the heterogeneous transition, 1.35 μm. This ensures that all of the devices have identical transition design. The impact of the flare is expected to be minimal, as it has very low loss (<0.1 dB) in simulation and is relatively short compared to the 2 mm overall length of the amplifier. The pulse width attained from the four devices is shown in Fig. 10 . Increasing confinement factor yields a shorter pulse. Based on this, it appears that the pulse width is limited by low amplification at the highpower peak of the pulse. The impact of varying the waveguide width on the quantum well confinement factor is shown in the inset of Fig. 10 .
D. Quantum Well Design
Quantum well design can have a significant impact on laser performance. It primarily affects the lasing wavelength, but, in addition, compressive strain in the well affects both the loss [58] and the linewidth enhancement factor [59] . The hole well is shallower for AlGaInAs wells than InGaAsP wells due to the higher conduction band offset in the AlGaInAs system. Since the conduction band lineup is affected by strain, it may be presumed that there is an optimal compressive strain value beyond which the confinement of holes in the well may be compromised. For that reason, three quantum well designs with different values of compressive strain were designed and used to fabricate mode-locked lasers.
The three devices have 5 μm minimum bend radius splinecurve mirrors with R 0.15 for the front mirror and R 0.5 for the rear mirror (both power reflection), 60-μm-long saturable absorbers, and 30-μm-long three-section heterogeneous transitions with the angled n-layer. The results of the pulse width measurement are shown in Fig. 11 . The pulse width initially decreases rapidly from 0.85% to 1% strain, from 2.34 to 1.45 ps, then more modestly from 1.45 to 1.21 ps. This is due to decreased carrier-dependent loss in the more highly strained quantum wells, which has the effect of increasing the differential gain. As suggested by Fig. 10 , low gain may limit the pulse width, so an increase in the differential gain is helpful. It does not appear from Fig. 11 that further increase in strain will produce significantly shorter pulse widths. Fig. 9 . Pulse width versus the absorber length, plotted as a percentage fraction of the gain section length. In this case, with a 2-mm-long gain section, the absorber sections were 50, 100, 150, and 200 μm. Fig. 10 . Impact on the pulse width of increasing confinement factor in the pumped current channel region of the quantum well. The quantum well confinement factor is plotted versus waveguide width in the inset. Fig. 11 . Pulse width versus the quantum well compressive strain in the active region.
Research Article E. Loop Mirrors
The loop mirror uses a fully etched (down to the buried oxide) directional coupler to increase its resilience to fabrication variation, since a partially etched directional coupler will experience a large change in coupling coefficient based on a small variation in etch depth. To attain high coupling without excessive length or an extremely small coupler gap, the waveguide must then be narrow to expand the mode out into the cladding. The waveguide geometry chosen for the loop mirror component is a 400-nm-wide and 500-nm-tall deeply etched wire waveguide, with a 400 nm gap. The resulting waveguide has a small number of higher order modes and fairly high propagation loss (10 dB∕cm). Bend-to-straight transitions cause insertion loss and can excite higher order modes, which then cause modebeating interference and impair the mode comb bandwidth. These effects are reduced by increasing the bend radius, but this requires a larger length of waveguide and is undesirable in this case due to the high loss.
To mitigate these effects, an adiabatic bend was adopted, using the method described in Ref. [60] . A third-order Bezier spline curve is used to gradually transform the mode into a bend mode, which then propagates through part of the bend in a circular section to reduce the footprint; fully adiabatic bends are normally much larger than a circular bend with the same minimum bend radius. Three mirror designs were chosen: a 25-μm-radius fully circular bend (the radius at which the bent-to-straight transition becomes negligible for this waveguide geometry), a spline-curve bend with a 5-μm-minimum bend radius, and a spline-curve bend with a 3-μm-minimum bend radius. The spline curves use 5-and 3-μm control points and cover 10°of the curve on either side with the spline bend. The s-bends use the spline-circular curve and the u-turn uses a natural spline. Figure 12 shows a to-scale plan-view image of the three mirrors. Not including the directional coupler (which varies in length depending on the desired mirror reflectivity), the propagation distance in the circular mirror is 217 μm, and has 0.2 dB of loss from 11 curved-to-straight and curved-to-curved transitions, for 0.417 dB of loss per mirror, almost 1 dB in total for both mirrors. In simulation, the spline bend did not display any transition loss. The 5-μm-bend mirror has a propagation length of 57 μm, and the 3-μm-bend mirror has only 30 μm of propagation, translating to 0.057 and 0.03 dB per mirror. The impact of the reduced loss on the laser output power can be seen in Fig. 13 . The 3-μm-bend mirror has nearly doubled the maximum output power of the circular bend mirror. Note that all three lasers are designed to have the same R 0.5 rear mirror power reflection and R 0.15 front mirror power reflection.
In addition to high propagation loss, the waveguide supports the TE10 and TE01 higher order modes, which can be excited by the heterogeneous transition, as described in Section 4. The very small bend radius attainable with low loss using the spline curve can serve as a mode filter. Figure 14 shows a simulation of the bend loss for the three guided modes in the 400-nm-wide and 500-nm-thick Si waveguide. The TE10 mode is filtered strongly by the 3 μm bends. The 15 μm of propagation in 3-μm-bent waveguides introduces 4 dB of loss in the TE01 mode and 28 dB of loss in the TE10 mode per mirror, according to Fig. 14 . This mode filtering effect is helpful for reducing the pulse width. The results of the pulse width measurements are shown in Fig. 15 . The 3-μm-bend spline curve mirror has the shortest pulse, at 900 fs, the shortest ever for a mode-locked laser on a silicon substrate, to the best of our knowledge, and the second shortest pulse from any fully integrated mode-locked laser, after Ref. [52] . The autocorrelation trace is shown in Fig. 16 , showing a good fit with the sech 2 pulse shape.
The 5-μm-bend mirror was then examined for its passive RF linewidth. To conduct this measurement, the pulse train was detected on a high-speed photodiode, and the resulting electrical signal was inspected using an electrical spectrum analyzer (ESA). The device was powered with a battery current source, which is disconnected from the wall power socket to minimize line noise, and the absorber was biased with a linearized regulated voltage supply. Even though only DC signals were applied to the absorber, it was probed with a 67 GHz ground-signalground probe and biased with a 67 GHz bias to avoid impedance-mismatch-related reflections of the higher order microwave harmonics that were generated as electrical signals at the absorber. The device was placed inside of a vibration isolating box and allowed to reach equilibrium temperature while biased without the use of a thermoelectric cooler.
The resulting RF linewidth is shown in Fig. 17 , along with a Voigt fit. The linewidth measured directly from the data is 1.1 kHz, the lowest at 20 GHz repetition rate, considerably lower than the trends shown in Fig. 4 , and the second-lowest ever reported, after Ref. [53] . The 3-μm-bend mirror had a linewidth of 1.6 kHz. It is unclear if the difference is related to the design of the devices or simply measurement precision. The circular mirror linewidth was 4 kHz. A closer look at the peak of the RF tone is shown in Fig. 18 . Side peaks at 2 and 4 kHz can be seen. It is unclear whether these are due to technical noise or if they are intrinsic to the laser. Figure 19 shows the optical spectrum as the laser was emitting a 900 fs pulse. There is 2.96 nm of optical bandwidth, corresponding to a 3.2 time-bandwidth product, which is practically transform limited for a sec h 2 pulse (the transform limit is 0.314). Figure 20 shows the LI characteristic under −4.5 V, with 1.78 mW at 88 mA of bias current (the conditions that Fig. 15 . Pulse width versus loop mirror minimum bend radius. The 25-μm-bend mirror has fully circular bends. The 5-μm-and 3-μm-bend mirrors have the spline curve. The 3-μm-bend mirror resulted in the shortest pulse from the entire study, at 900 fs. The "Best integrated InP" result refers to Ref. [52] , and the "Best of all Si" result refers to [34] . Research Article produced the shortest pulse). This corresponds to 98 mW of peak power.
CONCLUSIONS
The heterogeneous silicon/III-V platform has recently emerged as the most promising candidate for the realization of highperformance fully integrated mode-locked laser diodes for use as generators of short pulses, microwave carrier signals, and dense frequency combs. This is due to material advantages enjoyed by silicon waveguides and sophisticated silicon fabrication technology.
We have presented here a thorough experimental optimization of a heterogeneous silicon/III-V mode-locked laser for short pulses, demonstrating a 900 fs pulse from the best device, the shortest ever for a mode-locked laser on a silicon substrate. In addition, this structure showed 1.1 kHz passively modelocked RF linewidth, the lowest ever demonstrated at 20 GHz, and peak power of 98 mW, the highest from any fully integrated laser around 20 GHz repetition rate. These lasers are fully integrated, meaning that all the laser components are on the chip, allowing the device to be added to an integrated circuit without compromising its performance, so long as the parasitic effects from devices along the same waveguide are properly managed.
In addition, the data in this study counters a commonly held notion that reducing the active region confinement factor improves pulse width due to reduced gain saturation and self-phase modulation, by using the special capability of this style of heterogeneous amplifier to produce mode-locked lasers with various confinement factors on a single chip. The tightly controlled experiment showed a clearly increasing trend of pulse width as the confinement factor decreased (Fig. 10) .
Further increasing the confinement factor by reducing the waveguide width will increase the propagation loss as the modal overlap with p-doped InP layers increases. It may instead be more practical to increase the longitudinal confinement factor Γ z , by lengthening the gain section relative to the overall cavity length. This could reduce the pulse width, as the 900 fs pulse result with the 3-μm-bend mirror used the 850-nm-wide waveguide (2.4%), and the confinement factor study in Fig. 10 used the 5-μm-bend mirror. Combination of the highest confinement factor (3.5%) 700 nm waveguide with the best performing spline mirror should produce a shorter pulse.
A simple modification to the mirror design could increase the power by as much as a factor of 2. All the lasers presented so far use a power reflection R 0.15 front mirror and R 0.5 rear mirror. A separate laser with front-mirror reflection of R 0.04 nearly doubled the slope efficiency, resulting in a maximum output power of 38 mW. This laser did not have a saturable absorber, but compared to the lasers in Fig. 13 , the output power is nearly doubled. This laser has the highest CW output power of any heterogeneous silicon/III-V laser reported so far, and is comparable with InP-substrate integrated lasers. This design change, provided that it does not perturb the pulse width, could result in peak power of 200 mW. This is still considerably lower than the best 20 GHz cleaved-facet Fabry-Perot mode-locked laser peak power result of 540 mW [29] because of parasitic losses introduced by the active-to-passive transition, passive waveguides, mirrors, and routing waveguides leading to the output facet. Reducing these losses will be critical for closing the gap between fully integrated and Fabry-Perot mode-locked laser performance.
Dispersion compensation is a common technique in femtosecond bulk crystal lasers, and it should be valuable in a modelocked laser diode, as all the waveguides are normally dispersive. The introduction of a waveguide with anomalous dispersion inside the cavity could be a pathway to a shorter pulse. Narrow silicon waveguides (narrower than they are tall) can have anomalous dispersion; however, they also have high loss. Integration with a passive silicon nitride waveguide, such as in Ref. [61] , could be a way to include dispersion compensation inside the cavity without elevating the loss. 19 . Optical spectrum from the 3-μm-bend spline curve mirror laser while it was producing the 900 fs pulse. The 3-dB bandwidth of the comb is 2.96 nm. Fig. 20 . LI characteristic from the 3-μm-bend laser under −4.5 V reverse bias. The shortest pulse came at 89 mA bias current, when the CW power was 1.83 mW. This corresponds to 98 mW peak power.
